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Introduction  
Radical-addition fragmentation transfer (RAFT) polymerizations, much 
like other controlled free radical techniques such as atom transfer radical 
polymerisation (ATRP) and stable free radical polymerisation (SFRP), is 
proving to be a valuable synthetic tool for the synthesis of polymers with 
defined molecular weight parameters and low polydipseristy indices (<1.3).1 It 
has proven to be tolerant to wide variety of reaction conditions, monomer 
functional groups and varying reaction temperatures.2 However the reaction 
conditions must often be optimized in order to ensure the synthesis of the 
polymer ion question with the desired molecular weight parameters. 
RAFT polymerizations proceed according to the general reaction 
scheme outlined in Figure 1. 
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Figure 1.  General polymerisation scheme for RAFT polymerisations. 
 
 A wide variety of different RAFT agents (dithiobenzoates, 
trithiocarbonates, dithioalkonates, dithiocarbonates, dithiobenzoates) have 
been synthesized and studied in polymerizations.3 In this study the RAFT 
agent 2-phenylprop-2-yl phenyldithioacetate (PPPDTA) (Figure 2) was 
employed. PPDTA was developed to operate at ambient temperatures in 
RAFT polymerisations. The inclusion of a benzyl as the  Z group means the 
radical in the polymer-RAFT-polymer intermediate is relatively less stable. 
This leads to a faster rate of fragmentation and transfer of the dithio-ester 
moiety between polymer chains. This faster establishment of the equilibrium 
allows for polymerisations at lower  temperatures than are required for more 
stable RAFT agents. 4 However as this study demonstrates, PPDTA and it’s 
derivative macro-RAFT agent appears to be thermally unstable at 
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Figure 2.  (a) General structure for a RAFT agent and (B) the structure of 2-
phenylprop-2-yl phenyldithioacetate (PPPDTA) used in this study. 
 
Experimental 
Materials. 2-2’-azo-bis-isobutyrylnitrile (99%) was purchased from 
Aldrich and used as received. Activated alumina was used as recieved from 
Acros organics. Butyl methacrylate (Aldrich 99%), methyl methacrylate 
(Aldrich 99%) and styrene (Acros organics 99%) were purified by passing 
through an activated alumina column. Methanol (analytical grade) was 
ordered from Fischer scientific and used as received. 2-phenylprop-2-yl 
phenyldithioacetate (PPPDTA) was prepared according to literature 
procedures.5 
Analysis. Nuclear magnetic resonance (NMR) spectra were recorded 
using a JEOL GX-270 spectrometer in solutions of deuterated chloroform at 
30°C. The molecular weight parameters of the polymers were determined 
relative to methyl methacrylate standards by gel permeation chromatography 
(GPC). All determinations were carried out at 40°C using a GPC system 
comprising of a Polymer Lab LC 1120 HPLC pump, a Polymer Lab Shodex 
refractive index detector and two 300 mm x 7.5 mm PLGel 5 mm mixed C 
columns. THF (HPLC grade) was the eluent and was set at a flow rate of 1ml 
per min.  
Synthesis of PMMA. A typical procedure for the RAFT synthesis of 
PMMA with a degree of polymerisation (DP) of 500 units is given as follows. 
Methyl methacrylate (10g 0.0998 mol), PPPDTA (0.0571g 1.99 –4 mol), 2-2’-
azo-bis-isobutyrylnitrile (0.0032g 1.99-5 mol) and xylene (10 ml) were added 
to a Schlenk tube. The mixture was degassed through several freeze thaw 
cycles, sealed under vacuum and stirred in a constant-temperature bath (60°C) 
for sixteen hours. To stop the reaction the seal was broken and the mixture 
was exposed to the air. The polymer product was retrieved by precipitation of 
the reaction mixture into excess cold methanol then filtered and dried under 
vacuum overnight. Molecular weight and polydispersity were obtained using 
SEC. 1H NMR and 13C NMR were used to confirm the structure of the 
polymer. 1H NMR (CDCl3): d (ppm) 0.6-1.2 (broad peak 3H C-CH3) 1.93 
(broad peak 2H –CH2) 3.67 (singlet 3H O-CH3). 13C{1H] NMR (CDCl3): d 
(ppm) 177 (C=O) 53.9 (-CH2-) 51.6 (O-CH3) 43 (-CH2-C-CH3) 22.6 (-CH2-C-
CH3 . 
Monomer:RAFT agent molar ratios, temperature and/or monomer were 
varied as appopriate for other polymerisations.                          
Kinetic analysis. Small aliquots of the reaction medium were removed 
at suitable time intervals. These aliquots were removed from the reaction 
vessel via a syringe and either immediately diluted with deuterated chloroform 
for 1HNMR spectroscopic analysis or dried in a vacuum oven at 50°C for 24 
hours prior to SEC analysis. Monomer conversions were calculated from the 
relative integrations of the monomeric and polymeric peaks. 
 
Results and Discussion 
PPDTA mediated polymerizations proceeded successfully at 60°C for 
both MMA (reactions 3 and 4, Table 1) and BMA polymerizations. However 
when higher temperatures were employed it became apparent that 
polymerizations did not proceed to high coversions. Typical yields of PMMA 
when the polymerisations were performed at 90°C averaged less than 60%. 
By sampling the reaction mixtures, kinetic analyis confirmed that 
polymerisations ceased at, or before, 60% monomer conversion (Figure 3).  
 
Table 1.  Reaction Conditions And Molecular Weight Parameters 
Of Polymers Synthesized Using PPDTA As The RFAT Agent.  













1 MMA 90 50 6 3 49 1.24 60 
2 MMA 90 50 1 3 38 1.26 55 
3 MMA 60 50 6 16 53 1.15 85 
4 MMA 60 100 6 16 118 1.21 90 
5 MMA 60 500 6 16 523 1.24 93 
6 BMA 90 50 6 3 41 1.35 52 
7 BMA 90 50 1 3 38 1.21 54 
8 Styr. 90 50 None 16 41 1.23 80 
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During the early stages of the reaction first order kinetics were obeyed 
(as expected for a controlled radical polymerisation) but this broke down in 
the latter stages of the polymerisation process and the ln[M]0/[M] vs. time 
plots showed a ‘plateauing’ from 50-60% (figure 3). This deviation from first 
order kinetics at moderate conversions has been observed by other groups, 
however its origins have remained obscure to date. 
The possibility that excessive chain transfer to solvent at elevated 
temperatures  was considered given the relatively high chain transfer constants 
of xylene (Cs = 0.43 - 0.50).6 However polymerisations performed in bibenzyl 
(Cs = 0.0) and in the absence of solvent (Figure 4) demonstrated that the 
kinetic behaviour remained similar and in both cases conversion again ceased 
at approximately 60-70% . 
Figure 3.  ln[M]0/[M] vs. time plots for the polymerisation of MMA with 
AIBN and PPDTA in xylene at 60°C and 90°C. The inset shows an expansion 
of the first 250 minutes of the polymerisations conducted at 90°C. 




















Figure 4. ln[M]0/[M] vs. time plots for the polymerisation of MMA with 
AIBN and PPDTA at = 90°C in xylene, bibenzyl and in the absence of 
solvent. 
 
 Butyl methacrylate polymerisations demonstrated similar behaviour 
upon increasing the polymerisation temperature from 60°C to 80°C and 90°C 
(reaction 6 and 7, Table 1 and Figure 5). 
To investigate this phenomenon samples of PMMA with average degrees of 
polymerisation of circa 50 units were synthesised at 60°C in xylene and 
purified by repeated re-precipitations from methanol. Both UV-vis and 1H 
NMR spectroscopy demonstrated the presence of a dithio-ester end-group as 
was to be expected (for instance block copolymerisations using these samples 
as macroinitiators were successful). However after heating these samples in 
the presence of AIBN in xylene for 2 hours all evidence for the terminal 
dithio-ester group disappeared from the UV-vis spectra (Figure 6) and the 1H 
NMR spectra (the proton signals arising from the benzyl group clearly evident 
at 4.2 ppm disappear entirely). Furthermore heating the dithio-ester terminated 
PMMA in xylene alone resulted in the disappearance of the UV-vis absorption 
and 1H NMR signals arising from the terminal group. 























Figure 5. ln[M]0/[M] vs. time plots for the polymerisation of BMA with 
AIBN and PPDTA at 60, 80 and 90°C in xylene. 
 





















Figure 6. UV-vis spectra of PPDTA, a short chain (DP~50) of PMMA with a 
terminal dithio-ester group (PMMA-RAFT) and that of the PMMA after 
heating at 90°C in xylene for 2 hours (all spectra recorded in CHCl3). 
 
Conclusions 
It is apparent that the macro-RAFT agent formed as a consequence of 
PPDTA mediated RAFT polymerisations is thermally unstable and hence 
should not be used at elevated temperatures (>60°C) when high monomer 
conversions and/or terminal functionality is required (as it would be for block 
copolymerisations). The mechanism of the degradation is as of yet, uncertain 
but there are several clues as to likely mechanisms given the complete 
cessation of polymerisation (as opposed to uncontrolled polymerisation) and 
the relatively low polydispersity of the products. Further work is in progress 
to elucidate the degradation mechanism (by LC-MS and GC-MS, variable 
temperature NMR spectroscopy) and to investigate the effect of the RAFT 
agent structure on relative thermal stability. 
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